With the unavoidable progress of genomics technologies, "one size fits all" strategy has switched to individual-specific treatment approaches. Hence pharmacogenomics-based personalized cancer medicine has emerged. Promising treatment option immunotherapy includes either "take the brakes off immune system (i.e., checkpoint blockade therapy) or the use of immune cells expanded in an in vitro tumor-free environment''. Both options have been varied and included unpredictable results. Combination of cancer immunotherapy and pharmacogenomics applications may contribute to solve the complexity of outcome prediction and variations between individuals receiving the same immunotherapeutic treatment. To enhance the tumor immunity and determine cancer patients who response to immunotherapy, classification based on gene polymorphisms in key immunoregulatory molecules including antigen-presenting molecules, immunoglobulins and their receptors, cytokine/chemokines and their receptors, adhesion and costimulatory molecules, toll-like receptors, and intracellular signaling molecules plays a vital role in redirecting or modulating the function of immune cells. Therefore, polymorphisms in immunoregulatory molecules and their impact on immunotherapeutic outcome should be considered in cancer management.
Introduction
The host immune system has a crucial role on the pathogenesis of many diseases, including cancer. Tumorigenesis depends not only on cellular biology but also on immune responses. The tumor development and progression are associated with the interaction between the immune system and malignant cells. The effect of immune responses has been counted on for both cancer immunotherapies and a broad range of cytotoxic agents as well as molecular targeted drugs. With the accumulation of information about the immune responses in tumor immune surveillance, the fame of cancer immunotherapy is increasing. Some cancer immunotherapies, such as monoclonal antibodies, cytokines, cancer vaccines, and cell-based therapies, have been developed and incorporated into clinical practice for the activation of the host immune response to eliminate cancer cells [1, 2] .
Importance of personalized cancer therapy on immunotherapy
With characterization of alterations on immunity-related molecules through deep sequencing tools in the genomic era, immunotherapies are revolutionizing cancer treatment. Natural variations in nucleic acid sequence named as gene polymorphisms exist in general population with a high frequency and include no side effect for the people. Single nucleotide polymorphisms (SNPs) are the most common polymorphism in population [3] . SNPs can be also recognized as biological markers to identify genes that are associated with diseases. It has been displayed that some SNPs have effects on individual's response to some drugs. Therefore research groups are focused on the investigation of how SNPs in the human genome correlate with drug response to get more successful therapy regimes in personalized medicine era [4] .
At this point, immunopharmacogenomics that incorporates immunogenomics and pharmacogenomics aims to improve a better approach for how the immune system impacts to the immunotherapy response.
PD-1/PD-L1 polymorphisms
The blockade of immune checkpoints modulating immune responses has recently been emerged as an immune therapy against cancer. Different immune checkpoint molecules such as programmed cell death 1 receptor (PD-1), an immune checkpoint receptor on immune cells (especially on T lymphocytes); and programmed death-1 ligand-1 (PD-L1) on tumor cells or tumor-infiltrating immune cells, have been associated with tumor immune evasion [5] . Interaction of PD-1 with PD-L1 starts antitumor immune response suppression; therefore blockade of PD-1/PD-L1 binding has been recently applied for antitumor immune therapy [6] . PD-1 is expressed on some immune cells, including T cells, natural killer T (NKT) cells, mature CD4 + and CD8 + T cells, some dendritic cells, B cells, lymph node, and bone marrow cells [4] . PD-1 is commonly expressed immunoinhibitory receptor that belongs to CD28/B7 family, and it is expressed on some immune cells, including T cells, natural killer T (NKT) cells, mature CD4 + and CD8 + T cells, some dendritic cells, B cells, lymph node, and bone marrow cells. PD-1 has two opposite roles such as downregulation of ineffective immune responses and expansion of malignant cells by preventing of protective antitumor immune responses [7] . PD-1 has function on the inhibition of T-cell activation, production, and survival [4] . PD-L1, ligand of PD-1, is a member of the B7 family of immune-regulatory ligands. It is expressed on functioning active T cells, B cells, dendritic cells, and macrophages (antigen-presenting cells) and activates various tissue groups by inflammatory cytokines [7] . PD-L1 has two different forms as membrane bound and soluble form. Both of these forms have been found on CD28/ B27 family such as CTLA-4, CD28, and B7-H4 [8] .
PD-L1 has role on the negative regulation of immunological response. PD-L1 overexpression can prevent to form antitumor immune responses against cancer cells; hence increased expression of PD-L1 on tumor cells may be predictive for a blockade of the PD-L1/PD-1 binding [9] . Some studies have shown that PD-L1 is also expressed on many types of cancer cells (including melanoma, lung cancer), and it has been reported that expression of PD-L1 ligands by cancer cells results in the evasion of the immune system. They stop the production of tumor-specific T cells by propagation of inhibitory signals which cause damaged antitumor immunity [7, 10] . Based on their function on antitumor immune response suppression, PD-1 and PD-L1 can be considered as powerful biomarkers for new tumor formation or progression of cancer. In literature some studies are focused on their role on genetic susceptibility, and some of them are focused on their prognostic or predictive significance. In literature some polymorphisms on PD-1 which is encoded by PDCD-1 gene (Gene bank ID: 5153) on chromosome 2q37 location are associated with tumor susceptibility. PD-1.1 polymorphism (dbSNP reference cluster ID rs36084323, c.-606G > A), located in the promoter region, has been accepted as a risk factor for non-small cell lung cancer and breast cancer [11, 12] . PD-1.3 (rs11568821, c.627 + 189G > C,) located in intron 4 has been associated with colon, thyroid, and breast cancer [13] [14] [15] . PD-1.5 (rs2227981, c.804 T > C), located in exon 5, is associated with increased cancer risks in nonsmall cell lung, cervical, colon, and ovarian cancer [4, 16] . A recent study showed that PD-1.9 (rs2227982, c.644C > T), located in exon 5, has significance on the gastric cancers [17] . PD-L1 gene (Gene bank ID: 29126) polymorphisms (rs2890658, c.683-369C > A, and rs10815225, c.-114C > A) might serve as risk markers for esophageal squamous cell carcinoma and gastric cancer [18, 19] . Blockade of PD-1/PD-L1 pathway with specific anti-PD-1 treatments such as nivolumab, lambrolizumab, pidilizumab, BMS-93659 (MDX-1105), RG7446/MPDL3280, and MEDI4736 (B7-H1) has been tested in different cancers including ovarian, colorectal, bladder, and non-small cell lung cancer and melanoma. Even though responses vary in different tumor types, anti-PD-1 treatments are supported. Responses not only vary in different tumor types; some patients show clear responses to blockade of PD-1/PD-L1 pathway, whereas they do not respond [4] . Currently, it is difficult to predict treatment responses to anti-PD-1 treatments. Expression of PD-L1 is not an optimal biomarker, because determination of PD-L1 expression by immunohistochemistry is not always proper due to the different antibody selection and cutoff levels. The PD-L1 expression may not anticipate the therapeutic responses because the PD-1/PD-L1 interactions on B cells have role on adaptive and innate immune systems. Nowadays, researchers are focused on the potential impact of single nucleotide polymorphisms as predictive therapeutic markers and their improvement capacity of the expression markers [20] . In literature, there are some studies about the effect of PD-1/PD-L1 SNPs on non-small-cell lung cancer (NSCLC) treatment [20] [21] [22] . Nomizo et al. evaluated the association between PD-1/PD-L1 SNPs and response to nivolumab, PD-1 immune checkpoint inhibitor, and survival in NSCLC. Five SNPs in PD-L1 (rs1411262, c.394 + 1999C > A; rs2282055; c.-14-368 > G; rs4143815; c.*395G > C; rs2890658;c.683-369C > A; rs822339, c.-15 + 2576A > G) and two SNPs in PD-1 (rs2227981; c.804 T > C; rs2227982, c.644C > T) were investigated by using real-time polymerase chain reaction (RT-PCR). The G allele of rs2282055 and the C allele of rs4143815 in PD-L1 were significantly associated with better clinical response than T or G allele, respectively [20] . In a study conducted by Do et al., SNPs involved in immune checkpoints were used to predict the clinical outcomes of patients with advanced-stage NSCLC after paclitaxel-cisplatin chemotherapy. The SNP rs2297136, c.*93G > A in PD-L1 gene, was significantly associated with better chemotherapy response and better overall survival, and rs4143815 in PD-L1 was also found as associated with better response to paclitaxel-cisplatin chemotherapy [21] . PD-L1 polymorphisms, especially rs4143815, may be promising markers for the prediction of clinical outcome of chemotherapy. However further studies with larger patient groups are needed to validate the results from different research groups, and also more studies should be designed to figure out PD-L1 in chemotherapy responses of different cancers.
CTLA4 polymorphisms
After the determination and characterization of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) as a key negative regulator in immune response (broadly named as checkpoint molecule), studies have increased to develop cancer immunotherapy targeting this co-inhibitory molecule. CTLA-4 (CD152) is a member of immunoglobulin (Ig) superfamily and functions for downregulation of T-cell activation. CTLA-4 expressed by activated T cells binds to B7.1 (CD80) and B7.2 (CD86) on antigen-presenting cells and transmits an inhibitory signal to T cells, so it can restrict the density and extent of the immune responses. The complex formed from CTLA-4 and B7 proteins (B7.1 and B7.2) can switch activated T cells into inhibitory T cells. This change promotes tumor escape from immunosurveillance [23] . Although lymphoproliferative disorders and severe autoimmune diseases have been shown in CTLA4-knockout mice; CTLA-4 blockade can boost immune responses in tumor-transplanted mice, as well as extending antitumor immune responses and rejection of tumors [24, 25] . It has been shown that blocking of CTLA-4, namely, downregulation of T-cell activation, can lead the cancer regression in patients with different cancers due to the enhancing immune responses as well as antitumor activity [23, 26] . However, not all patients can benefit from the treatment of CTLA-4 blockade, and some of them developed severe autoimmune reactions. The mechanisms of this interindividual variability in response to immunotherapy are not well understood.
Some CTLA-4 polymorphisms have been investigated with the determination of genetic factors that may change the response and toxicity of CTLA-4 antibody therapy [27] . Human CTLA-4 gene with four exons is located on chromosome 2q33, and different functional subunits of CTLA-4 protein such as a leader sequence, an extracellular, a transmembrane, and a cytoplasmic domain are encoding [28] . Many SNPs have been identified in the CTLA-4 gene that contains three exons and two introns. To date, at least five SNPs that were well studied in immune diseases have been investigated in cancer association studies. Among them, the rs5742909, c. − 318C > T located in the promoter region; rs231775, c.49A > G located in exon 1; and rs3087243, c.6230A > G (CT60) located in 3′-untranslated region (3′UTR) have attracted more attention. There are more than 100 SNPs in CTLA-4 gene, and most of them are spotted on three exons and two introns of CTLA-4 gene. Until now, at least five attracted SNPs have been associated in cancer-related studies, such as rs11571316, c. − 1577G > A in the 5′-untranslated region (5′UTR); rs5742909, c. − 318C > T in the promoter region; rs231775, c.49A > G in exon 1; and rs3087243, c.6230A > G (CT60) in 3′-untranslated region (3′UTR). These alterations change the expression or functional activity of CTLA-4 protein [29] . Some common SNPs have been reported that they alter either expression or function of the CTLA-4 gene product, as well as responses to immunotherapy with anti-CTLA-4 antibodies. A study conducted in melanoma by Breunis et al. has shown that G allele of rs4553808, c.-1660A > G; T allele of rs11571317, c. −657C > T; and A allele rs231775, c.49A > G, are significantly associated with response to anti-CTLA-4 antibody (MDX-010). SNPs rs4553808 and rs11571317 are spotted on the promoter region; and rs231775 is on the exon 1 and causes p.Thr17Ala substitution [27] . In another study performed by Queirolo P. et al. in metastatic melanoma patients, rs11571316, c. − 1577G > A in the 5′UTR, and rs3087243, c.6230A > G (CT60) in the 3′UTR of the gene, were associated with best overall response to ipilimumab which is a CTLA-4 immune checkpoint blocker [30] . In lung cancer-based study, which is performed by Song B et al., patients with the A allele had a significantly shorter survival time than those with the G allele (p value <0.001; survival times: AA genotype 9.8 months, GA genotype 12.0 months, GG genotype 12.5 months) [31] . With the presented studies above, it can be said that several SNPs in CTLA-4 are biologically functional and might be predictive factors for CTLA-4 antibody therapy used for cancers.
CCR5 polymorphisms
Pro-inflammatory cytokines, chemokines and other protein-structured molecules are secreting from cancerous cells and their stromal environment. Chemokine family belongs to chemotactic cytokines and has 44 members. Chemokines have role in homeostasis and immunity by controlling the leukocyte trafficking and induction, so they have role in organogenesis, cell growth, and differentiation. Tumor-related chemokines have important role in cancer biology, in terms of leukocyte infiltration, angiogenesis, and immune evasion. Based on the number and spacing of conserved cysteine residues on their N-terminus, chemokines consist of four subgroups named as CX3C, CXC, CC, and C [32, 33] . Chemokines act through their interactions with specific chemokine receptors located on the cell surface. Most of the cancerous cells overexpress these specific chemokine receptors which have role together with chemokines in cellular survival, proliferation, migration, invasion, and metastasis. In humans, the chemokine receptor family includes 24 members, and they are divided into four subfamilies (CX3CR, CXCR, CCR, and CR) based on the class of chemokines that they interact. Specific ligand-receptor binding induces GDP to GTP exchange, and this activates the downstream signaling effectors for the propagation of cellular pathways [34, 35] .
It is considered that chemokine receptors are promising targets for new immunotherapies since the detection of overexpressed chemokine receptors on the surface of cancer cells [36] . Systemic administration of interleukin-2 and checkpoint inhibitors increases the secretion of chemoattractants such as ligands of CCR5 and CXCR. Therefore polymorphisms on CCR5 and CXCR chemokine receptors affect the migration capability of tumor-infiltrating lymphocytes to the tumor location [37] . So response rates to immunotherapy vary among patients. Ugural et al. showed that genotypic status of CCR5 chemokine receptor has an impact on the immunotherapy (interferons or interleukin-2) responses in patients with metastatic melanoma.
A strong association was determined between the CCR5∆32 genotype and overall survival as poor prognostic factor. CCR5∆32 polymorphism (rs333, c.554-585del32) consists of 32 bp deletion. Heterozygosity causes decreased levels of receptor expression, and homozygosity causes the absence of expression. Immunotherapy outcome was worse in metastatic melanoma patients who had CCR5∆32 genotype as homozygotes or heterozygotes [38] . Above observation of Ugurel et al. clashes with findings of study performed by Bedognetti et al.
The presence of CCR5∆32 polymorphism was not correlated with worse response in metastatic melanoma patients undergoing adoptive therapy [39] . Conflicting studies exist on the effect of CCR5∆32 polymorphism on immunotherapy or immunochemotherapy. Hamid et al. did not report any significant relationship between the existence of CCR5∆32 genotype or rs1799987, c.-301 + 246A > G, polymorphism and responsiveness to ipilimumab [40] .
KIR, HLA, and Fcγ polymorphisms
Natural killer (NK) cells, large granular lymphocytes, have role on the early innate immune response. In contrast to T cells, which remember foreign antigens through T-cell receptors in the context of major histocompatibility complex (MHC) molecules, NK cells are programmed to eliminate infected or transformed cells. Activation of NK cells, known as "missing-self" model due to the absence of MHC molecules depends on the numerous signals through their respective activating or inhibitory receptors [41] . The killer immunoglobulin-like receptor (KIR) gene encodes both activating and inhibitory NK-cell surface receptors. HLA class I gene encodes ligands of inhibitory KIR (HLA-C1 for KIR2DL2/3, HLA-C2 for KIR2DL1, HLABw4 for KIR3DL1), and the interaction between KIR and HLA class I ligands leads to NK inhibition. NK cells also express Fc receptors [42] . The interplay between KIR and HLA is crucial for positive outcomes of immune-related therapies. KIR/KIR-ligand mismatch is associated with improved outcome to immune-related therapies as well as autologous stem cell transplantation [42] .
Delgado et al. reported that KIR receptor-ligand mismatch was related with response or improvement of relapsed or refractory neuroblastoma patients receiving interleukin-2-based treatment, consistent with a role for NK cells in this clinical response [43] .
There are three fragment c gamma receptor (FcγR) classes such as (i) FcgRI, capable of highaffinity binding monomeric IgG, (ii) FcgRII with low-affinity binding, and (iii) FcgRIII interaction with complexed IgG. FcgRII and FcgRIII have variants with different binding affinity immune complexes such as FcgRIIa (131H/R) and FcgRIIIa (Val158Phe) [44] .
Several groups have investigated the role of FcγR polymorphisms in the response of monoclonal antibodies (mAbs) such as rituximab, cetuximab, and trastuzumab. A correlation was reported between FcgRIIa polymorphisms and complete response in rituximab-based regimen received by non-Hodgkin lymphoma patients [44] . In another study performed to understand the influence of the FCGR3A gene polymorphism on rituximab response of nonHodgkin lymphoma patients, again a correlation was found between FCGR3A genotype and clinical response [45] . In a preliminary study, FCGR2A and FCGR3A polymorphisms were shown as useful markers to predict clinical outcome in metastatic colorectal cancer patients treated with cetuximab, a chimeric immunoglobulin G1 (IgG1) monoclonal antibody (mAb) against epidermal growth factor receptor (EGFR) [46] . Musolino et al. reported a correlation between FCGR3A and objective response rate and progression-free survival in patients with HER-2/neu-amplified breast cancer receiving trastuzumab. Also an association was determined between the combination of FCGR2A and FCGR3A and better objective response rate and progression-free survival [47] . Cheung et al. reported an association between FcγR2A polymorphism and progression-free survival in the response of neuroblastoma patients to the anti-GD2 antibody [48] . As a result, KIR-HLA immunogenetics can give useful information about the activation of innate immunity, and combining KIR-HLA genotyping with other molecular markers such as Fcγ receptor polymorphisms that can give insight about immune responsiveness may allow clinicians to determine the most effective and least toxic personalized immunotherapy.
Conclusion and future aspects
Immunogenomics uses advance genomic analysis tools to distinguish the limitations of the immune system, and pharmacogenomics identifies the variability of pharmacologic responses based on individual's genetic/germline variations. Integration of both immunogenomics and pharmacogenomics forms immunopharmacogenomics to revolutionize the immunotherapy applications through the identification of genetic status of immunoregulatory molecules. This approach could be used to develop a better understanding for immunologic reactions, select patients for immunotherapy, and predict the side effects and response to anticancer treatment (not only immunotherapy but also chemo/radiation therapy). Although the immunopharmacogenetic applications are limited in clinical practice, it is clear that immunopharmacogenomics will become an important approach of cancer management in immunotherapy era.
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